Abstract Expression of many proteinases has been documented during anther development. Although their roles are not completely understood, their inhibition could possibly result in impairment of anther development leading to male sterility. We proposed that such an impairment of anther development can be engineered in plants resulting in male sterile plants that can be used for hybrid seed production. Here, we report that antherspecific expression of Aprotinin gene (serine proteinase inhibitor) in tobacco has resulted in male sterility. Southern analysis and zymogram analysis confirmed the integration and expression of Aprotinin gene in the anthers of the transgenic plants. Transverse sections of anthers of transgenic male sterile plants showed damaged tapetum. The pollen germination in the transgenic plants ranged between 2% and 65% that confirmed the impairment in pollen production leading to male sterility and low seed yield. Thus, inhibition of serine proteinases that are expressed during anther development has resulted in impaired pollen production and male sterility, though the exact role of these proteinases in anther development still has to be elucidated.
Introduction
Anther development is a dynamic process that involves many events that are precisely coordinated and culminates in dehiscence of mature anther to release pollen. Even a minor aberration in these temporally and spatially regulated processes would result in male sterility. Proteolytic enzymes play a central role in homeostasis and developmental processes in plants. As part of ubiquitin/proteosome machinery, proteinases play a central role in many key aspects of plant physiology, growth, defense, etc. and were reported to respond to hormone signaling (auxin, jasmonic acid, ABA, etc.) (Vierstra 2003; Schaller 2004 ). During tapetal development many genes that code for transcription factors (e.g., SPOROCYTLESS/NOZZLE, DYSFUNC-TIONAL TAPETUM1); leucine-rich repeat receptor-like kinases (e.g., EXCESS MICROSPOROCYTES1/extra sporogenous cells) have been reported to be expressed (Parish and Li 2010; Zhang et al. 2006; Lee et al. 2004; Schiefthaler et al. 1999; Yang et al. 1999; Zhang et al. 2007; Zhao et al. 2002) . Similarly, genes coding for proteins like proteinases, proteasome, and 5B-CRP protein have been shown to be upregulated in tomato anthers suggesting their possible role in programmed cell death (PCD) during anther development. Some of the proteinase genes that were expressed during anther development include aspartic proteinase (PCS1 gene from Arabidopsis), cysteine proteinase (OsCP1 from rice) and serine proteinase (LIM9 from Lilium, PrMC-3 from Pinus) (Taylor et al. 1997; McNeil and Smith 2005; Walden et al. 1999; Parish and Li 2010; Radlowski et al. 1996) . Tissue-specific expression of some proteinases (aspartic and serine classes) suggests that they have a specific role in development of anthers (Taylor et al. 1997; Jorda et al. 1999; Meichtry et al. 1999; DeGuzman and Riggs 2000; Parish and Li 2010) .
During late anther development, in most plants, one or more cell types or layer/s of cells are destroyed by PCD, a process that is coordinated with microsporocyte development and pollen dispersal (Goldberg et al. 1993) . Increased proteolytic activities during anther development have been temporally correlated with apoptotic events, which precede dehiscence, as well as with events leading to the maturation of viable pollen. PCD of tapetum, circular cell clusters, and other cell layers involve mitochondria and caspases and have been shown to be critical for proper pollen release (Wang et al. 1999; Balk and Leaver 2001) . Tapetal degradation is critical for the nourishment of the developing pollen (Parish and Li 2010) . When the timing of tapetum degeneration was delayed by tapetum-specific expression of a gene, AtBI-1 at the tetrad stage, it resulted in pollen abortion (Kawanabe et al. 2006) . Recently, a gene, tapetum degeneration retardation (TDR), has been shown to regulate tapetal PCD by altering aliphatic metabolism and gene regulation during pollen development Li et al. 2006) . Recently, a gene (TDF-A5, transcriptderived fragment) coding for 26S protease regulatory particle non-ATPase subunit 5 has been identified that might have a potential role in PCD regulation in pollens of S-type cytoplasm of male sterile maize plants (Zhang and Zheng 2008) . Since the PCD in plants uses many types of caspase-like proteinases or caspase-unrelated proteinases, their substrates are also varied; the exact role of these proteinases has to be elucidated (Woltering (2010) ; Parish and Li 2010) . Hence, temporal regulation of PCD is essential for microsporogenesis (Parish and Li 2010) .
Apart from breaking down tissues and proteins, the proteinases play an important role in sculpting exquisite pollen wall patterns that is critical for pollination (DeGuzman and Riggs 2000) . It has been demonstrated in Brassica napus pollen that some of the major proteins are derived from precursor proteins (Murphy and Ross 1998) . Recently a gene, OsSIZ1, a small ubiquitin-related modifier (SUMO) E3 ligase that helps in anchoring SUMO to protein substrates for modifications has been shown to be developmentally regulated in rice reproductive tissues (Wang et al. 2010) . Since improper anchoring of SUMO to protein substrates will result in impaired processing of target proteins and thereby development might be affected. During meiotic purging, where RNA, ribosomes, and protein turnover takes place, proteinases have been proposed to play an important role (DeGuzman and Riggs 2000) .
ESTs analysis of chrysanthemum inflorescence has reported the expression of many genes that are involved in protein turnover and pathways like flavonoid, carotenoid, etc. (Chen et al. 2009 ). Many of the genes involved in flavonoid pathways are spatially and temporally regulated during anther development. When these genes are overexpressed or suppressed in anther cells, they cause male sterility by disrupting anther development (Mariani et al. 1990; Mariani et al. 1992; Worrall et al. 1992; Derksen et al. 1999) . Some of the genes act by modifying molecules or metabolites like RNA (barnase RNAse from Bacillus), auxins, sugars, etc. and cause male sterility (Perez-Prat and Campagne 2002).
Since serine proteinases have been shown to be expressed during anther development (DeGuzman and Riggs 2000), we hypothesized that their knockdown would result in impaired anther development and male sterility. One of the strategies would be to express a proteinase inhibitor, such as aprotinin in anthers that would inhibit the serine proteinases leading to anomalies in anther development. Aprotinin has been shown to inhibit serine proteinases that belong to the trypsin family but not those belonging to subtilase family (Reeck et al. 1997) . We had earlier shown that expression of Aprotinin gene under a constitutive promoter CaMV35S in transgenic tobacco conferred insect resistance. The insect resistance of these transgenic plants was due to inhibition of the serine proteinases produced in the gut of insects by the aprotinin resulting in mortality (Josephrajkumar et al. 2006) . The constitutive expression of aprotinin in these transgenic plants had no deleterious effects (i.e.,) these plants were fertile and had normal morphology (Bharadwaj 1999) .
Hence, we used this Aprotinin gene the codons of which were optimized for expression in dicots in this study.
Materials and Methods

Bacterial Culture and Maintenance
Escherichia coli DH5α′ and Agrobacterium LBA4404 were used in the current study. E. coli was grown on LuriaBertani (LB) medium and transformed using Hanahan method (Sambrook et al. 1989) . Agrobacterium was maintained on Agrobacterium (AB) minimal medium with rifampicin 10 μg/ml for selection and transformed by triparental mating method (Ditta et al. 1980) . The transformed bacteria were selected on LB and AB media amended with chloramphenicol (25 μg/ml).
Plant Material and Growth
Tobacco var Petit havana leaf discs were transformed by Agrobacterium-mediated transformation method (Horsch et al. 1985) . Briefly, the medium used for co-culture and regeneration contained Murashige and Skoog (MS) basal salts amended with benzylaminopurine (1 μg/ml) and naphthalene acetic acid (0.1 μg/ml) for callus induction and half strength MS basal medium without hormones was used for seed initiations, rooting, and micropropagation of plants. The transformed plants were selected on medium containing 40 μg/ml hygromycin and subsequently grown in the greenhouse. The inflorescence of the transgenic plants was bagged to prevent cross-pollination and seeds were collected.
Constructs Used for Tobacco Transformation
The well-characterized TA29 promoter (accession number no. X52283), active in tapetum of tobacco was chosen for antherspecific expression of Aprotinin gene in this study. The functionality of the TA29 promoter was tested using Gus gene in our lab (data not shown). Two constructs (p1229n and pTA) (Fig. 1a , b, respectively) used in the present study were derived from pCAMBIA1200 obtained from Dr. Richard Jefferson, Cambia, Australia. The p1229n construct served as transformation (vector) control and had TA29 promoter, multiple cloning sites and NOS terminator (Fig. 1a) . The Aprotinin gene was subcloned from another plasmid pSB301 from our previous work (Bharadwaj 1999) . The Aprotinin gene was a synthetic gene that had codons optimized for expression in dicot plants (Bharadwaj 1999 ). This Aprotinin gene was released as a BamH1 and Sac1 fragment from pSB301 and cloned into p1229n plasmid and renamed as pTA. The clones obtained were sequenced prior to mobilization into Agrobacterium. The constructs were mobilized to Agrobacterium LBA4404 by the triparental mating method (Ditta et al. 1980) ; agrobacterial transformants were confirmed by PCR and then used to transform tobacco leaf discs. Putative transgenic T 0 plants carrying the Aprotinin gene were labeled as TA1, TA2, so on, and plants carrying p1229n were labeled as 1229n1, 1229n2, etc.
Southern Analysis
Genomic DNA was isolated from the plants using the SDS method (Dellaporta et al. 1983) . PCR was carried out with gene-specific primers to test the presence of transgene in the putative transgenic plants. Southern analysis was done to confirm integration of the transgene (Aprotinin); briefly, 20 μg of genomic DNA was digested with HindIII (100 U) restriction enzyme. The digested DNA were separated on 1% agarose gel and transferred onto Hybond N + nylon membrane by alkaline transfer (Sambrook et al. 1989 ). The nylon membrane carrying digested DNA was then probed with a radio-labeled 850-bp fragment obtained by digesting pTA with HindIII. The probe (850-bp fragment) consisted of TA29 promoter and Aprotinin gene and was radiolabeled using Redi-prime (Amersham Biosciences, Piscataway, USA) using α 32 P-dCTP (Brit, India). Hybridization was carried out at 56°C overnight and washes were carried out at 56°C with 3× SSC and 1× SSC along with 0.1% SDS for 15 min each. The membrane was then exposed to X-ray film for 4 days at −70°C and developed.
Protein Isolation and Zymogram Analysis
Total protein was isolated from 100 mg of stage 2 anthers (Koltunow et al. 1990 ) of tobacco plants using NRD buffer {20 mM Tris (pH 8.6), 10% glycerol, 1% SDS} (Taylor et al. 1997; DeGuzman and Riggs 2000) . The isolated proteins were quantified using a method by Lowry et al. (1951) . Twenty micrograms of total protein (not boiled) was separated on 12% SDS-PAGE with 0.15% gelatin at 4°C for 4-5 h. The gel was incubated in 2.5% Triton X-100 at room temperature for 30 min and washed thrice with water. The gel was incubated in activation buffer [1% Triton X-100, 50 mM HEPES, 5 mM L-cysteine (pH 8)] overnight at room temperature to observe proteinase activity. The gel was then rinsed twice with water followed by fixing in solution consisting of 25% methanol and 9% acetic acid for 15 min and stained with Coomassie Brilliant Blue in fixer and washed. The proteinase activity was observed as clear zones in a blue background (Michaud et al. 1993; Taylor et al. 1997 ).
Anther Morphology and Pollen Germination Analysis
Stage 2 anthers (Koltunow et al. 1990 ) of tobacco were used for paraffin-embedded microtome sectioning. The 10-μm transverse sections were stained with Toluidine blue (0.05%), and morphological features were observed. To study pollen germination, three semi-sterile T 1 plants (TA2-5, TA12-2, and TA31-9), two sterile T 0 plants (TA4 and TA20), one untransformed Petit havana, and one transgenic T 0 plant (1299n10, vector control) were used. Pollen was collected from just dehisced anthers of a single flower into 200 μl of pollen germination medium that was modified [Sucrose, 15%; Ca (NO 3 ) 2 , 0.03%; Boric acid (pH 7), 0.01%] (Sridhar 2001) . The pollen were incubated at 25°C for 4 h in the dark and then 25 μl of the suspension was mounted onto a custom-made glass slide with 64 grids of 2× 2 mm dimension. The pollen with and without germination were counted and documented using a light microscope. Three replicates per plant were used to calculate the percentage of pollen germination.
Results and Discussion
Molecular Analysis of Transformed Tobacco
About 20 independent transformed tobacco (T 0 ) lines were obtained for each of the constructs and were subjected to PCR and Southern analyses. Most of the putative transgenic plants were positive for the presence of transgene when PCR was done with gene-specific primers (data not shown). About ten putative transgenic plants carrying p1229n construct and 16 putative transgenic plants carrying pTA construct were hardened and grown in a greenhouse. All the putative transgenic plants carrying p1229n construct had a normal morphology and were fertile. Southern analysis for ten lines of putative transgenic tobacco plants that carried the pTA construct was done. The genomic DNA was digested with HindIII restriction enzyme that would result in release of the Aprotinin gene along with TA29 promoter (850-bp band) (Fig. 1) . The blot obtained was probed with 850-bp fragment (TA29 promoter and Aprotinin gene) obtained by digestion of the plasmid pTA with HindIII enzyme. All the putative transgenic plants, except three lines (TA-3, TA-18, and TA-22) had the expected fragment of 850-bp that confirmed the integration of the Aprotinin gene along with the promoter. Another larger fragment, corresponding to native TA29 promoter, was also observed in all lanes (both transformed and untransformed tobacco) (Fig. 1) . Since maximum expression of TA29 promoter expression was observed in the tapetum of stage 2 anthers, large numbers of stage 2 anthers have to be procured to Also, the tapetum is an ephemeral layer consisting of few cells; it is difficult to obtain large numbers of these cells to obtain enough protein or RNA for analysis. Technologies like laser dissection microscopy could be attempted to isolate the tapetum layer alone to isolate protein or RNA and analyze them using methods like in situ hybridization (Emmert-Buck et al. 1996; Kerk et al. 2003) .
Floral Morphology and Pollen Germination Analysis
The transgenic plants carrying pTA construct were classified based on pollen count and germination into fertile (normal pollen count and normal pollen germination percentage), semi-sterile (low pollen count and low pollen germination percentage), and sterile plants (very low pollen count and very low pollen germination percentage). Of the 16 transgenic plants that carried pTA construct, eight were either sterile or semi-sterile and the remaining were fertile and produced viable seeds. The three plants (TA3, TA18, and TA22) that were negative in the Southern analysis were fertile (Fig. 1) . Of the eight plants that were showing signs of male sterility, five were semi-sterile (TA1, TA2, TA12, TA19, and TA31) and three were sterile (TA4, TA10, and TA20). The male sterile plants had normal plant morphology and grew normally except for severe reduction in pollen production and germination (data not shown).
A transverse section of the anther of one semi-sterile plant (TA12, T 1 plant) showed that the tapetum was impaired along with a reduction in pollen mass as compared to the control plant (Fig. 2) . The rest of the anther remained intact without any aberrations; this confirmed that expression of the aprotinin in the anthers had a deleterious effect only on tapetum and pollen production (Fig. 2) . The semi-sterile plants produced less pollen and did not produce viable seeds by self-pollination (Fig. 3a, b, TA12 ; Table 1 ) as compared with the control plants. These plants produced viable seeds when manually cross-pollinated with pollen from untransformed plants. The semi-sterile plants produced seeds when cross- Fig. 3a, b ; Table 1 ). These plants produced viable seeds when manually crosspollinated with pollen from untransformed plant indicating their potential in hybrid seed production. All the transgenic plants that carried p1229n construct also had a normal morphology and produced viable pollen and seeds (data not shown). This showed that the male sterility observed in transgenic plants carrying pTA construct were not due to the transformation method employed. Pollen was collected, and germination percentage was calculated from flowers of five transgenic plants (carrying pTA construct) that showed signs of sterility, a plant that carried p1229n (vector control, 1229n10) and an untransformed plant (Fig. 4a) . The percentage of pollen germination in untransformed and transgenic plant, 1229n10 (vector control) was 85% and 88%, respectively while that of transgenic plants that carried Aprotinin gene ranged from 2% to 65% ( Fig. 4b ; Table 1 ). The transgenic TA31-9 showed the highest pollen germination percentage (65%) among the plants that expressed aprotinin, whereas the plants TA4 and TA20 showed the lowest percentage (2% and 9%, respectively). The pollen germination percentage of untransformed and transgenic plant carrying p1229n were comparable, this showed that the pollen production and germination was unaffected by the transformation methodology used in the current study. The pollen germination analyses using T 1 semi-sterile transgenic plants demonstrated the stability and functionality of Aprotinin Fig. 4 Pollen germination of transgenic plants carrying the Aprotinin gene were compared with untransformed Petit havana (C) and 1229n 10 (vector control); a Pollen germination was markedly reduced in the transgenic plants expressing the Aprotinin gene (TA2-5, TA12-2, TA4, and TA20). b The percentage of pollen germination in transgenic plants ranged from 65% in TA31-9 to 2.3% in TA4 transgenic plants expressing aprotinin, whereas in transgenic plant carrying vector alone (p1229n) it was normal. Student's t test was done for pollen germination data (asterisk, P≤ 0.001), standard deviation was also shown gene in the next generation plant. The reduction in pollen production (Table 1) in transgenic plants carrying Aprotinin gene correlated with reduction in pollen germination and seed production.
In B. napus during pollen development, the proteins deposited on pollen have been shown to be obtained from precursor proteins (Murphy and Ross 1998) . Hence, the aberrations in floral tissues like pollen production, germination (Table 1) or pollen dehiscence (absence of selfpollination) observed in the transgenic plants expressing the Aprotinin gene could be due to unavailability or improper processing of the precursor proteins during anther development. As serine proteinases have been proposed to play a major role in protein turnover during many developmental stages in organisms and serine proteinases like LIM9 (subtilisin-like serine proteinase from Lilium), PrMC-3 (serine hyrdolase from Pinus) have been reported to be expressed during microsporogenesis (Reeck et al. 1997; Taylor et al. 1997; McNeil and Smith 2005; Walden et al. 1999; Parish and Li 2010) . Hence, any changes in the protein turnover or homeostasis due to mistiming or impairment of serine proteinases during anther development could impact pollen production as observed in this study.
Yet another possibility for the observed dysfunction in this study could be due to a temporal disturbance in PCD during anther development, as evidenced by pollen abortion observed in plants where the PCD was delayed (Kawanabe et al. 2006) . Also, many cell types like circular cell clusters, tapetum, etc. undergo PCD prior to anther dehiscence and have been proposed to be essential for normal pollen development and dispersal (Parish and Li 2010) . Based on microarray analyses of rice tdr mutants, the gene tdr has been proposed to act as a major regulator of tapetal PCD by modifying aliphatic metabolism and also by regulating genes involved in PCD-like caspases, protein turnover, calcium metabolism, etc. during anther development . Disturbance in tapetal PCD(e.g.) mistiming has been shown to result in male sterility in case of some of the naturally occurring cytoplasmic male sterile plants (Parish and Li 2010) .
Zymogram Analysis of Male Sterile Plants
Total protein was isolated from anthers (100 mg) of vector control T 0 (1229n6), three semi-sterile T 1 plants (TA2-5, TA12-2, and TA31-9) and two sterile T 0 plants (TA4 and TA20). Zymogram analysis was carried out with trypsin (10 and 20 ng) as internal control (Fig. 5) , and it was observed that atleast three serine proteinases of varying molecular weights were present in the anthers of tobacco as seen in the control plant (1229n6; Fig. 5, lane 3) . Of these, one serine proteinase was similar in molecular weight to that of trypsin (Fig. 5, lanes 3-8) . This was the first demonstration of presence of serine proteinases in anthers of tobacco. In the transgenic plants carrying the Aprotinin gene (Fig. 5,  lanes 4-8) , proteinase activity was severely reduced when compared to the control plant (1229n6; Fig. 5, lane 3) . The higher molecular weight serine proteinase was completely inhibited in TA4 (Fig. 5, lane 5) while very mild activity was observed in the other plants (Fig. 5, lanes 5-8) . The medium molecular weight serine proteinase was completely inhibited in all the transgenic plants, whereas in the case of the smaller serine proteinase, very low to mild activity was observed (Fig. 5, lanes 4-8) . The absence of proteolytic activity (clear zones) in lanes 4-8 carrying protein from Aprotinin carrying transgenic plants confirmed that the inhibition was due to aprotinin, that in turn suggested that the male sterility observed in these plants was due to inhibition (partial or complete) of these serine proteinases.
The serine proteinase LIM9 in Lilium anthers has been proposed to play an important role in anther development, as many cell types undergo programmed cell death during this stage (Taylor et al. 1997; Meichtry et al. 1999; DeGuzman and Riggs 2000) . Recently, two cysteine proteinases were found to be upregulated in rice tdr mutants that were male sterile . Thirteen genes involved in post-translational modifications, protein turn- 4-8) . Proteinase (trypsin) activity as clear zone (white arrow heads) was seen in lane 1, 2 while atleast three different serine proteinases can be seen in the control plants that was transformed with vector (p1229n) (lane 3). kDa, kilo daltons over, and chaperonins were also shown to be regulated in tdr mutants (ten upregulated and three downregulated) . Recently, the gene promotion of cell survival 1 (PCS1) from Arabidopsis was identified as an aspartic proteinase. The function of this gene has been demonstrated in pcs1 mutants where the male and female gametophytes were degenerated and when expressed ectopically it resulted in male sterility by preventing PCD of septum and stomium cells (Ge et al. 2005 ). The mistimed expression or the loss of proteinases in anthers has been shown to result in male sterility, which confirms that these proteins play a major role in anther development, though the exact role of each of them needs to be elucidated (Parish and Li 2010) .
We report for the first time, that expression of a serine proteinase inhibitor (aprotinin) in anthers of tobacco plants resulted in inhibition of serine proteinases thereby causing male sterility. In this study, we demonstrated that these serine proteinases play a major role in anther development and their applicability in engineered male sterility in plants. Although further work to elucidate the exact role of each of the serine proteinases observed in the anthers is required that would enable better understanding of anther development.
In summary, previous studies that demonstrated engineered male sterility has used genes that affect RNA metabolism (barnase), carbohydrate metaboliosm (glucanase), or jasmonate metabolism, etc. (Mariani et al. 1990; Mariani et al. 1992; Worrall et al. 1992; Perez-Prat and Campagne 2002) . Some of these genes like barnase, glucanase when expressed constitutively might affect the transformed plants severely, whereas ectopic expression of the Aprotinin gene has been shown to confer insect resistance in transgenic tobacco (Bharadwaj 1999; Josephrajkumar et al. 2006) . Hence, it would be advantageous to express Aprotinin in both constitutive and anther-specific manner as it would result in a transgenic plant that would have insect resistance and also male sterility (hybrid seed production). Recently, two cysteine proteinases (BoCysP1 and BoCP3) from Brassica have been shown to cause male sterility when expressed in anthers of Arabidopsis thaliana (Konagaya et al. 2008) . Similarly, when the expression of PCS1 gene (aspartic proteinase) was altered or modified in A. thaliana it has led to male sterility (Ge et al. 2005) . The intact inhibitory activity of aprotinin in the transgenic (semi-sterile and sterile) tobacco plants as demonstrated by zymogram and the impaired pollen and seed production showed the importance of these serine proteinases in anther development (Figs. 2, 3 , 4 and 5, Table 1 ). The TA29 promoter has been used in this study, but other anther-specific promoters like A3, A6, and A9 (Brassica); OsACE1, OsCER1, OsMSP (rice); ORF238 (wheat) that are expressed at early stages of anthesis could also be utilized (Scott et al. 1991a, b; Hird et al. 1993; Aarts et al. 1997; Glover et al. 1998; Sanders et al. 1999; Konagaya et al. 2008; Kato et al. 2010; Jiang et al. 2009; El-Shehawi et al. 2010 ). Thus, we have shown that when expression of serine proteinases during anther development was altered or hindered it could result in male sterility (engineered) with a possible application in hybrid seed production.
